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The limits of intact cell-mass spectrometry (ICM-MS) were tested with regard to the minimum
number of bacterial cells detectable and its power to discriminate mixed-bacterial cultures. The
technique is a surface analysis tool, as is supported by evidence showing that mass fingerprints
correspond to material desorbed directly from the cell wall. The brief exposure to solvents,
which occurs during sample preparation, does not extract internal cellular material. Spectra
were collected over the m/z range of 500 to 10,000. The UV absorbing matrices used were found
to be highly specific to bacterial gram type: a-cyano-4-hydroxycinnamic acid for gram-
negative bacteria and 5-chloro-2-mercaptobenzothiazole for gram-positive bacteria. This
specificity allows mixed cultures of different gram types to be differentiated by ICM-MS. The
minimum number of cells that could reliably give spectra of sufficient data was 104 cells (107
cells/mL). (J Am Soc Mass Spectrom 2001, 12, 49–54) © 2001 American Society for Mass
Spectrometry
Mass spectrometry in its many guises showedearly potential for its ability to provide asimple and rapid method of bacterial identi-
fication [1–5]. The technique relies on the generation of
ions, characteristic for the bacteria analyzed, which are
separated by mass and output as a distinctive mass
spectrum. Ideally, the ions once generated should not
fragment, which would complicate spectra and obscure
identification. For this reason matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry
(MALDI-TOFMS) [6–9], with its “soft” ionization, has
proved very useful.
MALDI-TOFMS has been used to identify bacterial
cells in two ways, by analysis of proteins found in
extracts [10–15] and by intact-cell MALDI-TOFMS
(ICM-MS); via direct analysis of intact cells [16–19].
Both are capable of identifying bacteria to species and
strain level [16–23]. However, of these two variants
ICM-MS is quicker, for protracted chemical-extraction
steps are not required, and if cells are undamaged, then
its surface analysis is specific to the cell wall. The cell
wall is an important phenotypic feature of unicellular
organisms, for it is the point of interaction between the
cell and its environment, and its many virulence and
pathogenicity factors are of medical importance.
Improvements to the methods for bacterial identifi-
cation by ICM-MS and MALDI-TOFMS have resulted in
the publication of many protocols, and a number of
factors, requiring standardization, have been published
[24–27]. Previously we have outlined our own rationale
for the protocols we use [27]. Using our method we
explore in this paper the minimum number of cells that
can be used to identify bacteria. We show that it is
possible, with the protocols we use, to discriminate
between individual gram types within cultures of
mixed gram types. We also demonstrate that the brief
exposure to matrix solvents, which occurs in our
method, does not extract components from within the
cell. Rather, by using the protocols outlined here,
ICM-MS will derive ions directly from the cell wall.
Hence, our methods are capable of giving a pure
surface analysis of bacterial cells, and as each m/z value
equates to a single chemical cell wall feature, it can be
used as a multiple probe of cell-wall phenotype.
Experimental
ICM-MS Analysis
Etched-well MALDI target slides were thoroughly
cleaned by sonicating for half-hour intervals in metha-
nol, 33% (w/v) aqueous nitric acid, and finally rinsed in
distilled water. Bacterial cultures were grown overnight
at 37 °C on columbia blood agar plates (CBA Lab M,
Bury, UK), containing 5% v/v horse blood (TCS Micro-
biology, Claydon, Bucks, UK). Individual colonies were
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scraped into the etched wells using a sterile plastic loop.
Onto the cells was deposited a 0.7 mL saturated solution
of the matrix in a solution of 1:1:1 water, acetonitrile,
and methanol containing the additives 0.01 M 1,4,7,
10,13,16-hexaoxacyclo-octadecane (18-crown-6) and 0.1%
(v/v) formic acid [27]. For gram-negative bacteria the
matrix a-cyano-4-hydroxy cinnamic acid (a-cyano) was
used, while for gram-positive bacteria, 5-chloro-2-mercap-
tobenzothiazole (CMBT) was used.
A Kratos linear MALDI 2 was used (Kratos Analyt-
ical, Manchester, UK), the features of which have been
described elsewhere [16]. For analysis purposes an m/z
range of 500 to 10,000 was used. The instrument was
programmed to acquire 100 profiles, with two laser
shots per profile, over the length of the etched well.
Laser optimization and data acquisition are described
elsewhere [16, 27].
The Investigation of Protein Extraction During
Sample Preparation
Ten colonies of Serratia marcescens were mixed and
sonicated (10 min in a Decon FS 2000 sonicating bath),
in 1 mL of the matrix solution, omitting a-cyano matrix.
A cell free extract was prepared by centrifuging the
supernatant, to remove the bulk of cells, and filtering
the remaining supernatant through a 0.22 mm filter, to
remove all of the remaining cells. Target wells of each
stage in this process were prepared by depositing the
sample (0.7 mL for liquid samples or a colony loop for
solid cultures), onto the target slide, and layering matrix
solution containing a-cyano on top. Once dried,
ICM-MS was performed.
Analysis of Mixed Cultures
Mixed cultures of gram-negative and gram-positive
bacteria were created by aseptically streaking colonies
from pure cultures of Staphylococcus aureus and Enter-
obacter cloacae into each other on the same blood agar
plate. These mixed cultures and pure cultures were
grown overnight at 37 °C, prior to their analysis by
ICM-MS.
Minimum Number of Bacterial Cells Detectable
From a plate culture of Eschericia coli NCTC 50167 was
prepared a heavy suspension of cells in sterile water.
The suspension was diluted serially by factors of 10.
The number of cells in the 1 in 100 dilution was counted
using a haemocytometer. Onto etched-well target slides
was deposited 0.5 mL of the prepared dilutions, fol-
lowed by 0.7 mL of matrix solution saturated with
a-cyano matrix. ICM-MS analysis was performed on a
colony applied directly on the target, on the neat
suspension, and on each serial dilution.
Results and Discussion
Evidence Showing that Biomarkers are Bound to
the Cell Wall
There are two possibilities for the origin of ions in a
mass spectrum obtained from intact cells. Ionizable
components could desorb directly from the cell wall, or
ions could be desorbed from components that are
extracted from the cell wall and cell into the surround-
ing matrix solvents during sample preparation.
Figure 1 shows the spectra obtained from extraction
study samples. It can be seen that Figure 1d,c,b all have
similar spectra. For Figure 1d the spectrum is derived
from the direct application of a colony. Figure 1b shows
that after centrifugation, as is expected, the cell pellet
gave the same spectrum as the directly applied colony.
The supernatant, Figure 1c, also gave the same spec-
trum as a colony. At this point it could be argued that
the supernatant contains components extracted by the
matrix solvent, and consequently that ICM-MS desorbs
these extracted components during sample preparation.
However, this is not the case, for the removal of cells
and insoluble membrane fragments from the superna-
tant by filtration (Figure 1a) results in a spectrum
radically different from either the original supernatant
(1c), or a colony smear (1d). This is interpreted as a
strong implication that, for the example of Serratia
marcesens at least, the m/z values relate directly to the
cell wall and not from material extracted or leached by
the matrix solvent.
Figure 1. Evidence that m/z values relate directly to whole cell
walls, and not extractables. The samples were prepared as follows.
Step 1: colonies were suspended in matrix solution. Step 2: the
suspension in step 1 was centrifuged to remove the majority of
cells. Step 3: the supernatant of step 2 was filtered to remove any
remaining cells and cell fragments. a: spectra of the filtered
supernatant from step 3, maximum intensity 5 18 mV, b: spectra
of the cell pellet from step 2, maximum intensity 5 154 mV, c:
spectra of the supernatant from step 2, maximum intensity 5 29
mV, and d: spectrum of an untreated colony, maximum intensi-
ty 5 135 mV.
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ICM-MS Analysis of Mixed Cultures
Figures 2a and 3a are ICM-MS of the same mixed
culture but run using two different matrices. The spec-
tra are quite different; such differences indicate individ-
ual and separate interactions between matrix and gram
type.
Figure 2a shows the ICM-MS of a mixed culture of
the gram-negative Enterobacter cloacae and gram-posi-
tive Staphylococcus aureus when using a-cyano as a
matrix. Compared to the pure culture of Enterobacter
cloacae, that also uses a-cyano as a matrix (Figure 2b),
many regions of similarity are witnessed. For example,
the ICM-MS for m/z ranges of 500 to 700 and 1000 to
1800 are very similar. There is also agreement between
the mixed culture and pure Enterobacter cloacae for the
m/z range 4000 to 10,000, but the signal in the mixed
culture is much weaker. In fact, the only region where
there is no strong agreement is the 1500 to 4000 m/z part
of the spectrum.
The same mixed culture as Figure 2a was used to
produce the spectra shown in Figure 3a, except for this
sample CMBT and no a-cyano was used as a matrix.
This spectrum is compared against that of a pure
culture of Staphylococcus aureus, similarly run in CMBT.
Characteristically, this organism does not produce m/z
values above 4500, and this is seen in the pure culture
(Figure 3b) and in the mixed culture (Figure 3a). The
mixed culture, when run in CMBT, had good similarity
with the pure culture of Staphylococcus aureus for the
mass regions 500 to 1000, although the dominant 619
peak of the pure culture was lost in the mixed culture.
At higher masses there was also a similar loss of a series
of peaks around 3000, which were not found in the
mixed culture ICM-MS.
It appears that the matrices are specific to each gram
type, for a-cyano preferentially assists ionization of
moieties derived from the gram-negative cell, while
CMBT assists ionization of those from the gram-posi-
tive cell when either matrix is used for ICM-MS analysis
of gram-type mixtures.
The Minimum Number of Cells Identifiable by
MALDI-TOF-MS
Table 1 shows that peaks of Eschericia coli NCTC 50167,
which having been blank corrected, are unique to the
cell, and are not derived from matrix or agar. Fifty-four
peaks are generated from a whole colony, and reducing
the number of cells analyzed by ICM-MS in successive
dilutions reduces the number of peaks generated. For
105 cells 21 peaks are obtained, 104 gives 6 peaks, and
103 to 101 gives only one peak, m/z 5 706.2. From these
data it can be seen that ICM-MS analysis of cell densi-
ties lower than that found in a colony reduces the
Figure 2. Combined mass spectra for ICM-MS run in a-cyano matrix between the mass range 500
and 10,000. (a) Mixed culture of E. cloacae and S. aureus. (b) Pure culture of E. cloacae.
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number of peaks which are available for analysis.
Despite this reduction, data useful in identification is
still present at approximately 104 cells.
It has been observed experimentally in our labora-
tory that sometimes the smear of cells from a colony
may be too thick, and the resulting spectra is reduced in
the number of peaks. However, this is easily overcome
by adding more matrix solution. Recently, concerns
over the standardization of cell numbers used in
ICM-MS have been highlighted [28]. This is a problem
in broth cultures which does not apply to plate cultures,
where cell densities are more controlled. Also, we
recommend firing the laser across the whole spot for at
least 100 profiles. We feel that sweet spotting introduces
bias, and is not a valid statistical sample. In any case,
the use of an etched-well target slide obviates the need
to sweet spot, for good spectra is given with each laser
shot. In our method, the laser power is standardized for
the sample under analysis [22]. A poor spectrum on a
Kratos instrument can be defined as one that gives a
base-peak signal less than 30 mV, for the combined 100
profiles.
The reason why a lower cell density analyzed by
ICM-MS gives a reduced number of peaks is not
known. Cell density may play a role in promoting
peaks; for highly packed cells radicals from the original
laser ionization may be involved in interactions result-
ing in subsidiary ionization of proximal molecules.
Dilution of cells effectively reduces the concentration of
molecules that can be ionized by such a subsidiary
Figure 3. Combined mass spectra for ICM-MS run with CMBT matrix between the mass range 500
and 10,000. (a) Mixed culture of E. cloacae and S. aureus. (b) Pure culture of S. aureus.
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mechanism. Hence, ionization by such a mechanism is
reduced in direct proportion to the packing density of
cells. Alternatively, it could simply be that reducing cell
numbers results in a lower sampling frequency of the
original population. That is, increasing the number of
cells that are analyzed in one laser shot also increases
the probability of finding cells that have additional
unique ionizable moieties. A third possibility is that
certain components, present in large concentration with
large cell numbers, dissipated or consume a high pro-
portion of laser energy. On dilution, the numbers of
these components is diminished and a greater propor-
tion of the laser energy is available for promoting the
ionization of entities, which then fragment, resulting in
lower peak intensities in the resulting spectrum.
Conclusions
Our method concentrates on the m/z range 500 to 10,000
for the following reasons:
1. Compared to protein ionization (ionization of
masses above 10,000 m/z), the laser power is much
lower. Such low laser energies have been shown to be
insufficient to penetrate the cell wall [29]. This feature
may be unique to the Kratos instrument, which allows
the energy of the laser to be controlled while maintain-
ing a constant area of energy dispersion.
2. The cell-wall molecules ionized in this range will
be a mixture of small peptides, teichoic acids, oligosac-
charides, and lipids. However, the exact identity of
individual m/z values is not known. Despite this, the
fingerprint patterns generated are reproducible [16, 18].
3. Using laser energies required to generate peptide
ions above 10,000 m/z compromises the integrity of
lower mass data, and causes disruption of the cell wall,
as shown by the occurrence of ribosomes in spectral
data [30].
We have found that the ICM-MS spectra results
primarily from moieties found in the cell wall, and not
from cellular components extracted by sample prepara-
tion. The matrices used in this study seem to be gram
type specific, at least in the example shown here.
However, extensive studies are required to determine
how universal this observation is. The minimum cell
number, for identification, seems to be fixed around 104
cells. However, the Kratos instrument used in this
study does not allow two-axis tracking of the sample
spot. As cell numbers drop it is possible that only a
small fraction remain in the path of the laser and poor
or low intensity data would be obtained. The use of a
two-axis tracking instrument would ensure data was
obtained from all cells present, allowing lower cell
numbers to provide more complete spectra.
Table 1. Peaks of the original colony smear that remain after reduction in cell number, ignoring m/z values found in agar and the
matrix blanks
Peaks from
original colony
smear
Peaks
remaining for
3.2 3 105 cells
Peaks
remaining for
3.2 3 104
cells
Peaks
remaining
for 3.2 3 103
cells
Peaks
remaining
for 3.2 3 102
cells
Peaks
remaining
for 3.2 3 101
cells
505.5, 509.8 509.8
531.5, 537.6 537.6
543.9, 547.8 543.9 543.9
565.9, 582 565.9, 582 565.9
587.9, 604.2 587.9, 604.2
620.3, 623.7 620.3
642.1, 646.2
666.4, 690.1 666.4 666.4
700.3, 706.2 706.2 706.2 706.2 706.2 706.2
715.6, 722.1 715.6, 722.1 715.6
730.9, 737.7 730.9, 737.7 730.9
745, 769 769
783.3, 794.2
808.9, 815.3
831.3, 837.3
853.5, 895.9 895.9
901.6, 917.6 901.6
930.8, 975.5 975.5
993.7, 1060
1114.4, 1121.1
1160.6, 1165.8
1179, 1192
1206.4, 1234 1234
1255.7, 1324.2
1340.8, 1416.1
1492.1, 2080.2
2228.3, 2653.7
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